Aim: To evaluate the relationship of abdominal muscle lean tissue and adipose tissue volumes with prediabetes and diabetes.
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Aim: To evaluate the relationship of abdominal muscle lean tissue and adipose tissue volumes with prediabetes and diabetes.
Research Design and Methods: We measured abdominal muscle composition in 3170 participants in the Coronary Artery Risk Development in Young Adults (CARDIA) study who underwent computed tomography (CT) at Year 25 of follow-up (ages, 43-55 years). Multinomial regression analysis was used to evaluate the associations of CT-measured intermuscular adipose tissue (IMAT), lean muscle tissue (lean) and visceral adipose tissue (VAT) volumes with diabetes at any point during the CARDIA study, newly detected prediabetes, prior history of prediabetes, and normal glucose tolerance. Models were adjusted for potential confounding factors: age, sex, race, height, smoking status, hypertension, hyperlipidaemia, cardiorespiratory fitness and study centre.
Results: Higher IMAT, lean and VAT volumes were all separately associated with a higher prevalence of prediabetes and diabetes. Inclusion of VAT volume in models with both IMAT volume and lean volume attenuated the association of IMAT with both prediabetes and diabetes, but higher lean volume retained its association with prediabetes and diabetes. Individuals in the highest IMAT quartile, coupled with VAT in its lower three quartiles, had a higher prevalence of diabetes, but not of prediabetes, than those with both IMAT and VAT in their respective lower three quartiles. Adjusting for cardiorespiratory fitness did not substantially change the findings.
Conclusion:
Higher IMAT volume was associated with a higher prevalence of diabetes even after adjustment for VAT volume. However, further study is warranted to understand the complicated relationship between abdominal muscle and adipose tissues.
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| INTRODUCTION
Muscle tissue is the largest insulin-sensitive organ. It accounts for the majority of glucose uptake, playing a crucial role in maintaining systemic glucose homeostasis. 1 Limited attention has been paid to the association between muscle volume and muscle composition (adipose tissue and lean muscle volumes) and the prevalence of type 2 diabetes mellitus (T2DM). The majority of studies have focused on the relationship between T2DM and adipose tissue (AT). 2 Numerous studies have documented the fact that a high body mass index (BMI) and measures of total intra-abdominal AT, specifically visceral AT (VAT), are associated with a higher risk of T2DM. 3, 4 Another ectopic AT depot is intermuscular adipose tissue (IMAT), which is present between the muscle fiber bundles, resulting in increased muscle volume, in contrast with lean skeletal muscle tissue (lean) volume. Increased IMAT volume is associated with higher fasting glucose and insulin, and a greater prevalence of T2DM. [5] [6] [7] [8] [9] One nationally representative US study assessed the ratio of total skeletal muscle mass to total body weight, as measured by bioelectrical impedance, and found that a higher ratio of muscle to body weight was associated with increased insulin sensitivity and lower risk of prediabetes or diabetes after adjusting for BMI and waist circumference. 10 This study may have been limited by the use of dual energy X-ray absorptiometry which fails to discriminate between muscle and IMAT and could lead to overestimation of effective muscle mass in conditions in which there is lipid infiltration such as obesity and aging. 11, 12 Small clinical trials have demonstrated that resistance training in lean individuals or resistance training combined with weight loss in obese individuals is associated with improved insulin sensitivity and improved glucose tolerance. 13, 14 A recent report from the Coronary Artery Risk Development in Young Adults (CARDIA) study found that higher cardiorespiratory fitness, based on treadmill performance, was associated with lower risk of developing the composite outcome prediabetes/diabetes, even when adjusting for time-dependent BMI. 15 Another CARDIA study found that treadmill performance was inversely associated with total body fat, assessed by dual energy Xray absorptiometry, and the inverse association of fitness with fat mass was much stronger than the association of fitness with lean mass. 16 We therefore sought to further examine the associations of muscle composition with prevalent prediabetes and diabetes, using data from the multicentre community-based CARDIA cohort for whom bio- were very similar to those for individual muscles (data not shown), the average across the eight sites was used.
Analysis reliability of CT measures was assessed through blinded intra-and inter-reader re-reads of 158 scan pairs (~5%). Overall (intraand inter-reader) technical error in re-analysis of 158 pairs of scans was 6.6% for CAC, 6.0% for VAT and 7.7% for psoas muscle total volume, with correlations for re-reads >0.95 in each measure.
In Year 20, 2870 participants underwent the CARDIA cardiorespiratory fitness test (Figure 1 ), which was designed to assess the maximal, symptom-limited performance by using a modified Balke 
| Statistical methods
We described the sample according to sex-specific quartiles of both lean muscle and IMAT volumes and described the same variables All analyses were performed using SAS version 9.4 or STATA 13.
Statistical significance was defined at P < 0.05.
3 | RESULTS Table 1 Approximately two-thirds of the diabetic individuals were black and 55% were female, while the prediabetes groups were more likely to be white and male. Three-quarters of diabetic individuals had hypertension and also hypercholesterolaemia. Current smoking was more prevalent in participants with diabetes compared to those with prediabetes or compared to normoglycaemic individuals.
In those with a diagnosis of diabetes at any point during the CAR-DIA study, diabetes was first detected at Year 25 in 39%, and duration was 5 or 10 years in 55% of the participants (Table S2 , Supporting Information). Diabetes duration was unrelated to any of the muscle or adiposity measures.
Multinomial logistic regression models to evaluate the associations of muscle composition and VAT with prediabetes and diabetes are shown in Table 3 data not shown). All findings in Table S3 (Supporting Information) were slightly attenuated by adding treadmill duration at Year 20 to the model, thus restricting the sample analysed (n = 2343). Given the high correlation between IMAT volume and VAT volume, the fully adjusted but non-interactive models presented in Table 3 may be misleading. These variables, after being examined in more detail, are presented in Table 4 . To understand any independent association of IMAT volume with diabetes prevalence, we focused on the group (N = 302) with IMAT volume in quartile 4 but with VAT volume in quartiles 1 to 3 compared to the group with both IMAT and VAT volumes in quartiles 1 to 3 (N = 1009). Mean VAT volume was comparable between the groups (137.0 and 120.0 cc, respectively), but IMAT volume was very different (4.1 vs 2.0 cc, respectively.) We performed a logistic regression model, adjusted for covariates as presented in Table 3 , Model 2, with the four IMAT volume and VAT volume categories shown in Table 4 Corresponding differences in current or previously detected prediabetes were not significant in these models (data not shown).
| DISCUSSION
Our findings suggest that: (a) higher abdominal IMAT volume is associated with a higher risk of prediabetes or diabetes; (b) higher lean volume is also associated with a higher prevalence of current prediabetes and diabetes, a finding that persisted with adjustment for IMAT volume; and (c) the association of IMAT volume, which is highly correlated with muscle composition, with prediabetes and diabetes is tightly associated with VAT volume. Associations of higher IMAT, lean and VAT volumes with prediabetes and diabetes were independent of concomitant risk factors and cardiorespiratory fitness. Although adjusting models for VAT volume attenuated the associations of IMAT and lean volumes with prediabetes and diabetes, participants in the highest sex-specific quartile of IMAT volume had a higher prevalence of diabetes even when VAT volume was not in its highest sex-specific quartile.
Our findings that IMAT and VAT volumes are associated with prediabetes and diabetes are perhaps not surprising, in that a number of clinical and observational epidemiological studies suggest that ectopic adipose deposition is associated with insulin resistance and with prevalent and incident diabetes. However, studies using CT to specifically assess the role of muscle quality or IMAT volume have shown that lower attenuation in core or peripheral muscles, consistent with higher fat infiltration, is associated with insulin resistance, diabetes and other cardiometabolic abnormalities as well. 6, 7, 22, 23 Using CT, the present study shows that higher IMAT volume and higher lean volume, the major constituent of total muscle volume, independently contribute to the risk of prevalent prediabetes and diabetes.
In our correlational analysis, aerobic physical fitness, as assessed by total treadmill duration 5 years before the abdominal CT scan, was inversely associated with IMAT volume. Although greater aerobic fitness was moderately associated with lower IMAT volume, it was also associated, to a lesser degree, with lower total muscle volume. Including treadmill duration in multivariable models did not explain the associations between muscle composition or VAT volume with prediabetes or diabetes. Prior studies have suggested that interventions such as aerobic exercise, resistance training or dietary weight loss, especially multifaceted interventions including both exercise and diet, may improve insulin sensitivity and may even reduce the incidence of diabetes via an increase in muscle mass, specifically lean muscle tissue. 9, 24 Although our study does not directly address these interventions, our findings suggest that it would be difficult to distinguish between metabolic improvements attributable to lean muscle gain from those attributable to loss of either IMAT volume or VAT volume in obese individuals. Thus, the benefit of exercise on the incidence of diabetes may be mediated, in part, by reductions in IMAT volume secondary to fitness. Indeed, any dietary or training intervention that seeks to reduce excess body fat may be expected to reduce VAT volume in proportion to overall weight loss and, in turn, insulin sensitivity may be expected to improve because of its inverse correlation with VAT volume. 25 The finding that lean volume is positively related to both prediabetes and diabetes seems paradoxical, but it is consistent with the previous finding from the CARDIA study that treadmill duration is only weakly related to DXA-measured lean mass. 16 In a study by Zhu et al, lean mass was positively related to treadmill duration only in the lowest quartile of fat mass, while the relation was inverse in the highest quartile of fat mass. 16 Higher muscle volume may reflect adaptation to obesity, such as lower muscle density (ie, more lipid within adipocytes of the muscle) and the need to support body weight. We speculate that the quality of lean tissue that results in response to dynamic or isometric activity is higher than the quality of lean tissue that results solely in response to the necessity of supporting a large mass of adipose tissue. Greater IMAT volume has been associated with low-quality lean tissue, inflammation and insulin resistance. 9 Accordingly, IMAT volume may be regarded as one measure of muscle quality, concordant with speculation by Larsen et al 26 Strengths of this study include the large, well-characterized community-based sample of white and black individuals, the novel and comprehensive measures of muscle mass using CT scan, and the wide array of demographic, lifestyle and chronic disease measures to assess confounding and effect modification, including cardiorespiratory fitness.
However, we must also acknowledge limitations to our study. First, the cross-sectional design cannot prove causality, as discussed above.
Second, we evaluated abdominal muscle composition and, therefore, our findings may not be applicable to peripheral muscles.
In conclusion, we found that higher abdominal IMAT volume was associated with a higher prevalence of current prediabetes and diabetes.
Abdominal IMAT volume is strongly associated with VAT volume and, as such, associations cannot be interpreted without accounting for the larger VAT depot. We also report the novel observation that lean muscle volume is positively associated with diabetes and prediabetes after adjusting for both IMAT volume and VAT volume. This observation requires further study, but it seems probable that lean muscle quality suffers as ectopic adipose depots enlarge, as well as being influenced by other metabolic factors including inflammation and insulin resistance.
